Abstract-In this letter, a theoretical model is proposed to calculate the coupling efficiency of surface plasmon polaritons (SPPs) by a single slit on the metal film. In contrast to previous work developed for normal incident light only, TM 0 and TM 1 modes of the slit are incorporated in the model, which makes it applicable for the case of oblique incidence. Numerical simulations confirm that this two-mode model can accurately predict the coupling efficiency of SPPs by slits with subwavelength widths (<λ). Moreover, we demonstrate that unidirectional SPPs can be coupled by an oblique incident light beam, which can be explained by the generation and interference of these two modes in the slit.
I. INTRODUCTION

S
URFACE plasmons polaritons (SPPs) are electromagnetic waves propagating along the interface between a conductor and a dielectric material [1] . Due to the subwavelength confinement of these electromagnetic waves, they are promising candidates for novel waveguide for future optical integration. To excite on-chip SPPs, active plasmonic integrated sources were demonstrated within subwavelength scales [2] - [5] . However, the fabrication barrier of these on-chip SPP source devices is high and the energy conversion efficiency is relatively low. An alternative method is to convert the free-space light to SPPs through the scattering process of miniaturized coupling nanostructures (e.g. nanoholes and slits) [6] , [7] . To further harness the unique properties of SPP and reduce the cross-talk in plasmonic networks, compact and unidirectional SPP couplers have been proposed in previous works, such as surface multi-grooves [8] , [9] , surface Bragg reflectors [10] , magnetic antennas [11] and gap plasmon cavities [12] . For instance, J. Lin, et.al columns of rectangular apertures on metal films, enabling the tuning of the directionality of coupled SPPs by changing the incident polarization [13] . Moreover, the phase gradient metasurfaces [14] or gap plasmon resonator arrays [15] are also proposed to launching the unidirectional propagating SPPs. In most of these designs, single nanoslits at metallo-dielectric interfaces have been extensively studied. For instance, P. Lalanne, et. al. proposed analytical models to analyze the light scattering by single subwavelength slits on flat metal surfaces [16] , predicting the SPP coupling efficiency of the slit under the normal incident condition, which was validated experimentally later [17] . However, only the normal incident light was considered in most of these previously reported works [8] - [17] . To further improve the performance and functionality of the single slit coupler, oblique incidence can be considered to obtain higher coupling efficiency [18] and unidirectional SPPs [19] . Different from the normal incident case, the one-mode approximation is not applicable when the slit is illuminated by an oblique light beam. Both TM 0 and TM 1 modes should be considered in the metallic slit with the width smaller than the incident wavelength [20] . 
II. COUPLING BY SLIT-MODES ILLUMINATION
Here we consider a structure with an infinite-length slit on metal substrate as shown in Fig. 1(a) . In this modeling, the incident wavelength is λ = 1 μm, and its wave vector is k ω = 2π/λ. The width of the slit is w. The materials inside and above the slit are both air (ε 0 = 1). In our model, only the transverse magnetic (TM) modes are considered since the transverse electric (TE) modes cannot launch SPPs. When TM 0 or TM 1 mode is launched into the slit, the incident power can be partially coupled into SPPs on the metal surface during the scattering at the end of the slit. To determine the coupling efficiency quantitatively, we can interpret the coupling process by a two-step mechanism, which has been proposed in the previous work [16] . In the first step, the scattering field is calculated by solving Maxwell equation analytically. The specific near-field distribution caused by the light scattering of a single slit is weakly dependent on the dielectric properties of the metal [22] . When metallic material in Fig. 1(a) is considered as perfect electric conductor (PEC), the scattering problem can be largely simplified. In the second step, the amplitude of SPPs can be extracted from the scattering field by the unconjugate orthogonality condition for absorbing waveguides [23] . To determine the electromagnetic (EM) field components of SPPs, the optical constant of the metal film has to be taken into account (i.e. the permittivity of the metal at λ = 1 μm is ε gold = −46.5 + 3.5i [24] ).
For the first step, we employ the coupled mode method (CMM) [25] to solve the scattering problem. At the top end of the slit (i.e. z=0 − ), the EM field can be expressed by Eqs. (1), which is the linear combination of waveguide modes supported in the slit.
where |α is the Dirac notation [25] to represent the E x component of the TM α mode (α = 0, 1). A α is the reflection coefficient of the waveguide mode. The modal admittance is defined as Y α = k ω /q α , where q α is the propagation constant. It is known that the cutoff width for TM α mode in the PEC waveguide is αλ/2 [26] . For a small slit (w < λ), the high order modes with α > 1 are all cutoff. In this case, only two TM modes (i.e. TM 0 and TM 1 ) are considered in the model. Therefore, these two modes (α = 0, 1) are included in our analytical model. Similarly, in the region above the slit (z > 0), EM field can be expressed as the summation of p-polarized plane waves in Eqs. (2) .
where |k represents the p-polarized plane wave with k x = k and k z = (k 2 ω − k 2 ) 1/2 . a k is the scattering coefficient, and Y k = k ω /k z is the modal admittance of | . In order to solve the scattered EM field by the single slit, the unknown reflection and scattering coefficients (i.e. A α and a k ) in Eqs. (1) and (2) should be determined by considering the continuous boundary conditions at the metal-dielectric interface. After the scattered field is solved by substituting a k into Eqs. (2) , in the second step, the amplitudes of left-propagating and right-propagating SPPs, ρ + (x) and ρ − (x), can be extracted by the unconjugate orthogonality condition for absorbing waveguides [6] using Eqs. (3) .
Here the field components, E z,sp and H y,sp , correspond to SPPs on the metal-dielectric interface. If the power of incident slit mode is normalized, the total coupling efficiency of SPPs can be calculated by η = |ρ + (w/2)| 2 + |ρ − (-w/2)| 2 .
As shown in Fig. 1(b) , under TM 0 and TM 1 mode incidence, the w-dependence of SPP coupling efficiencies are plotted by solid lines, respectively. For TM 0 mode, the maximum and minimum values of η are obtained at w = 0.2λ and w = λ, respectively, which is consistent with previously reported analytical predictions [16] . While for TM 1 mode, the maximum value of η is at w = 0.7λ. However, it should be noted that the cutoff width for TM 1 mode is w = λ/2 in a PEC waveguide. The coupling efficiency is zero when the slit width is smaller than this cutoff value. To confirm the analytical prediction, finite element method (FEM) simulation is employed to calculate the coupling efficiency as shown by the triangles and squares in Fig.1(b) . The analytical and simulation results agree well with each other, except the 50-nm-shift of the slit width. This difference is due to the PEC approximation adopted in our analytical model. In fact, the penetration effect of the slit modes into the real metal layer will reduce the cutoff with of TM 1 mode, which is ∼50-nm smaller than the PEC prediction. Nevertheless, it proves that our proposed analytical method can be used to predict SPP coupling efficiency excited by TM 1 mode in the slit, as well as understand the physics of the coupling process.
III. COUPLING BY PLANE WAVE ILLUMINATION
According to the previous work [19] , TM 0 and TM 1 modes in a metallic slit can be selectively excited by the illumination of one normal incident beam and two oblique incident beams, respectively. Compared with other previously proposed unidirectional SPP coupling structures [8] , [9] , [11] , [12] , the single slit coupler has a simple symmetric structure. The unidirectional SPP coupling by single slit can be realized under the excitation of asymmetric incidence, which consists of three beams with specific initial phases. Next, we will demonstrate that unidirectional propagating SPPs can also be launched by only one light beam. As illustrated in Fig.2.(a) , we employ a single oblique beam to illuminate the nanoslit (w < λ). In this case, TM 0 and TM 1 modes can both be excited in the slit waveguide. Because the length of the slit in our model shown in Fig.2(a) is infinite, the reflections of the launched two modes are not considered. When the slit width is w = 670 nm and the incident angle is θ = 30°, the scattered field obtained by deducting the incident field from the total field is shown in Fig.2.(b) . Because the electrical field of SPPs mainly vibrates along z-axis, only the E z component of the scattering field is demonstrated in Fig.2.(b) in order to analyze To understand the interaction between the oblique incident beam and the single slit, the two-step analytical model is also employed, which has been described in Fig. 1 . In this case, the EM field in the free space region can be expressed as:
Here, |k 0 represent the incident plane wave with k x = k 0 and k z = k z0 . b k in the second term on the right side of Eqs. (4) is the reflection coefficient, representing the amplitude of the reflected plane wave from the slit. Meanwhile, the slit modes can also be excited. Similar to the slit mode illumination case in Fig.1 , only TM 0 and TM 1 modes are taken into account in our model. Therefore, the EM field in the slit can be expressed by Eqs. (5):
In Eqs. (4) and Eqs. (5), the unknown coefficients, b k and B α can be determined by matching the boundary conditions at the metal-dielectric interface (z = 0). The expressions of these coefficients are given in Eqs. (6):
Here G αα = −i dkY k α/k k/α is the element of the scattering matrix between mode |α > and mode |α'>. After the scattered field is obtained, the coupling efficiency of SPPs on each side of the slit can be calculated by substituting the scattered field into Eqs. (3) . When the width of the slit is changed from 0 to λ, the analytical results of |ρ − (−w/2)| 2 and |ρ + (w/2)| 2 are shown by solid curves in Fig.2.(d) and Fig.2.(e) , respectively. For the case of θ = 0°, TM 1 mode cannot be excited in the slit. Thus the coupling efficiencies of SPPs on the two sides are identical. When θ = 30°, the coupling efficiency is asymmetric due to the involvement of both TM 0 and TM 1 modes during the scattering process. Particularly, at w = 670 nm, |ρ − (−w/2)| 2 is nearly zero, while |ρ + (w/2)| 2 reaches the peak value. To confirm the results from the analytical model, FEM simulation is also carried out to obtain the scattered field. Then Eq. (3) is used to extract the coupling efficiency from the EM field distribution, as shown by the triangles and squares in Fig.2.(d-e) . One can see that the analytical results agree well with the numerical simulation results, indicating that the double-modes model can describe the scattering process accurately. However, one can see that the kinks for the simulation results are at w = 450 nm, while the kinks are at w = 500 nm predicted by the analytical model in Fig.2.(d-e) . The slight difference is due to the PEC assumption employed in our analytical model, which has been discussed above.
It should be noted that there is a kink at w = 500 nm for coupling efficiencies of left-travelling and right-travelling SPPs, as shown in Fig.2.(d-e) , corresponding to the cutoff width of TM 1 mode (i.e., for w < 500 nm, TM 1 is an evanescent mode). To interpret the physical mechanism of this kink, the scattering amplitudes of the slit modes (B 0 and B 1 ) under the incidence of the TM-polarized plane wave at θ = 30°are calculated by Eq.(6a), as shown in Fig.3.(a-b) . One can see that the black curves for the amplitude and argument of B 0 are continuous with no abrupt changes. In contrast, at the cutoff width (w = 500 nm), the amplitude of TM 1 mode drops to zero rapidly (Fig.3.(a) ), resulting in the kinks in Fig.2.(d-e) . Meanwhile, the argument of B 1 has a discontinuous point at w = 500nm (see the red curve in Fig.3.(b) ), corresponding to the kink observed in Fig.2.(d-e) . To reveal the influence of the discontinuous arg(B 1 ), we then analyze the SPP coupling coefficient further.
According to Eq.(6b), the scattering coefficient of the plane wave outside the slit can be divided into B 0 -term and B 1 -term, respectively. By substituting these two terms into Eqs.(3) and Eqs.(4), the SPP coupling coefficient can also be expressed as the summation of two parts (i.e., ρ ± = ρ ). Therefore, the asymmetric SPP coupling efficiency under oblique incidence should be attributed to the interference between SPPs contributed by TM 0 (symmetric in phase) and TM 1 modes (anti-symmetric in phase). As shown in Fig.3.(d) , the arguments of ρ ± TM0 and ρ ± TM1 are plotted, indicating the phase of the left-and right-travelling SPPs contributed by TM 0 (i.e. the black curve) and TM 1 modes (i.e. the red and blue curves). Since the argument of B 1 is discontinuous at the cutoff slit width, the SPP coupling coefficient of the TM 1 mode also experiences a sharp change when TM 1 mode is converted from evanescent waves to propagating waves (see the blue and red curves in Fig.3.(d) ). As shown in Fig.3.(d) , as the slit width goes across the critical width of 500 nm, the phase difference between the ρ 
IV. CONCLUSION
In conclusion, we have studied the excitation process of SPs at the metal-dielectric interface with a narrow slit (w < λ).
The double-mode model is proposed to calculate the coupling efficiency by a single slit under the incidence of slit modes, normal and oblique plane wave analytically. For the case of mode incidence, we find that the coupling efficiency of TM 0 and TM 1 modes are well predicted by the analytical model. We also demonstrate and explain that the unidirectional propagating SPPs can be excited by a single oblique plane wave, which is helpful to develop more functional nanostructures to launch SPPs on metal-dielectric interfaces.
